Pulsars are remarkable objects that emit across the entire electromagnetic spectrum, providing a powerful probe of the interstellar medium. In this study, we investigate the relation between dispersion measure (DM) and X-ray absorption column density N H using 68 radio pulsars detected at X-ray energies with the Chandra X-ray Observatory or XMM-Newton. We find a best-fit empirical linear relation of N H (10 20 cm −2 ) = 0.30
INTRODUCTION
The broadband emission of pulsars from radio frequencies to γ-rays can be used to probe the physical conditions of the interstellar medium (ISM). Specifically, their radio pulsations allow accurate measurements of the free electron column density and their X-ray extinction traces the interstellar gas along the line of sight. Radio waves travelling in the ISM are dispersed by free electrons such that signals at lower frequencies propagate at a lower speed and hence arrive on Earth later than those at higher frequencies. The time delay (∆t) between two observing frequencies (ν 1 , ν 2 ) depends on the dispersion measure (DM), which is the integrated free electron number density n e from Earth to the source at 
where m e and e are electron mass and charge, respectively, and c is the speed of light.
Most free electrons in our Galaxy are found in the hot phase of the ISM, including Hii regions ionized by UV radiation from hot O or B type stars and the shock-heated interior of supernova remnants (SNRs). These sources can contribute significant DM up to a few hundred parsecs per cubic centimeter. At X-ray energies, photons are absorbed mostly by heavy elements in the interstellar gas due to the photoelectric effect. This has a strong energy dependence and is most prominent in the soft X-ray band. As a result, it modifies the observed low-energy portion of the X-ray spectrum and has to be accounted for in spectral modeling. The amount of extinction, which is expressed in terms of the equivalent atomic hydrogen column density N H , is sensitive to gas and molecular clouds, which traces the warm and cold phases of the ISM (see Wilms et al. 2000) .
One natural question to ask is whether there is any correlation between DM and N H in our Galaxy. Such a correlation can reflect the physical connection between different phases of the ISM. Also, it can provide a useful tool to estimate one quantity from the other, help plan new observations and determine X-ray luminosity upper limits in cases of non-detection. In the literature, an average ionization fraction of 10% in the ISM, i.e.
one free electron per 10 equivalent hydrogen atoms, has been commonly assumed in order to infer N H from DM (e.g., Seward & Wang 1988; Gil et al. 2008; Camilo et al. 2012) , but the justification for this choice has been unclear. X-ray-emitting radio pulsars offer a powerful diagnostic tool for a quantitative study of the correlation.
Because they are model-independent and relatively straightforward to measure from radio timing, DM values are well determined, typically to better than a fractional uncertainty of 10 −3 . However, what has made the determination of any DM-N H correlation difficult in the past is the lack of high-quality X-ray data for N H measurements. In particular, previous generations of X-ray telescopes had poor angular resolution that precluded discerning the pulsar emission from that of the surrounding SNRs and pulsar wind nebulae (PWNe).
Thanks to new X-ray missions such as the Chandra X-ray Observatory and XMM-Newton, precise measurements of N H have been obtained for many pulsars in recent years, allowing a statistical study of N H values for the first time.
In this paper, we compile a list of DM and N H values for 68 X-ray-emitting radio pulsars using the latest Chandra and XMM-Newton measurements reported in the literature.
We found a clear correlation between these two column densities and obtained a best-fit empirical relation of 10 +4 −3 % ionization. In Section 2, we describe our sample selection criteria. The statistical analysis and results are presented in Section 3, and we discuss the implications of our results in Section 4.
SAMPLE SELECTION
We started with a list of X-ray detected radio pulsars from Possenti et al. (2002) , Becker & Aschenbach (2002) , Pavlov et al. (2007) , , and Kargaltsev & Pavlov (2010) , then expanded the sample through careful literature searches for updated observational results and recent discoveries. The latter include three magnetars that show radio emission (Camilo et al. , 2007 Levin et al. 2010 ) and over a dozen new pulsars identified in γ-rays with the Fermi Gamma-ray Space Telescope and subsequently detected in follow-up radio and X-ray observations (see Marelli et al. 2011) . Finally to complete the list, we went through the Chandra and XMM-Newton data archive to search for pulsar observations, and looked up relevant publications based on these data.
The pulsar DMs are adopted from the ATNF Pulsar Catalog 1 (Manchester et al. 2005) .
They are all very well measured with negligible uncertainties compared to those for N H . On the other hand, it is much more difficult to determine N H , because this requires a strong X-ray source and good knowledge of the intrinsic emission spectrum. The X-ray emission of pulsars is not fully understood; commonly used models include a blackbody (BB) and a neutron-star hydrogen atmosphere (NSA) for the thermal emission, and a power law (PL) for the non-thermal emission. More complicated models consisting of thermal and non-thermal components are sometimes used. To minimize any bias, we selected the N H values for our sample according to the following criteria:
1. We restricted our choices to those in the latest studies using the Chandra and XMM-Newton observations, since the good angular resolution and sensitivity of these telescopes offer high-quality spectra with minimal background contamination.
Any joint fits with other X-ray telescopes are not considered, in order to avoid cross-calibration uncertainties.
2. We adopted only N H values from actual X-ray spectral fits in which the N H is allowed to vary freely, and ignored any N H inferred from DM, optical extinction (A V ), or total Galactic Hi column density. Table 1 and plotted in Figure 1 . The reported statistical uncertainties and upper limits for N H are at 90% confidence level, i.e. 1.6σ. We list in the Table the X-ray spectral models used to obtain N H . The choice of spectral model is clear in all cases except PSRs J1622−4950 and B1757−24, for which both thermal and non-thermal fits are acceptable.
Nonetheless, N H from different fits only varies by a factor of 2 for J1622−4950 and does not change for B1757−24. Therefore, we conclude that systematic bias induced by spectral models is minimal.
Table 1 also shows the pulsar Galactic coordinates (l, b) and distances, and this information was used to calculate the vertical height (z) from the Galactic Plane. The coordinates are taken from the ATNF Pulsar Catalog and distance estimates are obtained from parallax measurements, Hi absorption measurements of the pulsars or the associated SNRs, or DM using the NE2001 Galactic electron density model (Cordes & Lazio 2002) .
If available, parallax distances are always preferred since they are the most accurate. All parallax and Hi distances are adopted from Verbiest et al. (2012) and references therein, and have been corrected for the Lutz-Kelker bias, except for PSR J1023+0038, which has a recent parallax measurement by Deller et al. (2012) . For DM distances, we did not attempt to derive the uncertainties, but note that the fractional uncertainties could be 25% or larger (see e.g., Camilo et al. 2009 ). Finally, there are exceptional cases in which previous studies argue for different distances than the DM-estimated ones. They are noted in the Table. The pulsar N H and DM are plotted against distance in Figures 2 and 3, respectively. 72. This is significant since the one-tailed probability of such a correlation arising by chance from unrelated variables is only 4 × 10 −5 . More useful is an empirical relation between these two observables. We performed a linear fit to the data by minimizing the χ 2 value. N H measurements with fractional uncertainties larger than 80% or upper limits only (gray points in Figure 1 ) are excluded in the fit. We also ignored the Vela pulsar, which is located in the Gum Nebula inside the hot and low-density Local Bubble, and PSR B0540−69, which is in the Large Magellanic Cloud (LMC), because they seem unlikely to follow the DM-N H correlation as would other Galactic sources. Only statistical uncertainties in N H are considered in the χ 2 -fit since uncertainties in DM are negligible.
ANALYSIS & RESULTS
Also, we did not attempt to model the systematic uncertainties, but we note that the ones introduced by different photoelectric absorption models and elemental abundances, or by cross-calibration between telescopes are only at a few percent level (see Wilms et al. 2000; Tsujimoto et al. 2011) , relatively small compared to the statistical uncertainties. Assuming N H and DM are directly proportional, the best fit gives N H (10 20 cm −2 ) = 0.30
corresponding to an average ionization of 10 +4 −3 %. The 90% confidence interval is quoted here, which is obtained from 10000 simulations via bootstrapping resampling (Efron & Tibshirani 1993 ). The result is plotted in Figure 1 . We also tried fitting a more general linear relation by fitting the y-intercept as well, but found that the latter is consistent with zero at 90% confidence. If we ignore the measurement uncertainties in N H and perform a least squares fit, we obtain N H (10 20 cm −2 ) = 0.83 DM (pc cm −3 ), giving a lower average ionization of 4%.
To check if the DM-N H relation could depend on the source location in the Galaxy, we divided the sample into groups according to their vertical height from the plane and their Galactic longitudes. The results are shown in Figures 1(b) and 1(c), respectively. In the high-DM regime, sources toward the Galactic Center direction, e.g., PSRs J1747−2958 and J1747−2809, show a hint of a larger N H -to-DM ratio. However, the systematic variation is less clear at lower DM and our limited sample precludes a detailed analysis. In Figure 2 we plotted N H against distance. This indicates a general correlation, albeit with a large scatter. There is also a hint that for sources at a similar distance, N H is systematically larger near the Galactic Plane (Figure 2(b) ), however, the dependency on Galactic longitude is less clear (Figure 2(c) ). The DM variation with distance is presented in Figure 3 . While this may seem to exhibit a good correlation at large distances, we note that sources with DM-derived distances provide no new information, only the NE2001 model prediction.
In addition, there is a very large range of DMs for nearby pulsars around 300 pc, from 2.4 ± 0.2 pc cm −3 for PSR J0108−1431 to 68 ± 1.6 pc cm −3 for the Vela pulsar, spanning nearly a factor of 30. Similar to N H , Figure 3 (b) also indicates a higher DM toward the Galactic Plane.
DISCUSSION
We have investigated the DM-N H connection for 68 radio pulsars detected with
Chandra or XMM-Newton. We found a good correlation between these two column densities, suggesting that free electrons in the Galaxy generally trace the interstellar gas.
That said, some N H values in Figure 1 show significant deviation from the best-fit line, by a factor of a few up to an order of magnitude. This could be attributed to inhomogeneity of the ISM, possibly due to molecular clouds, supernova remnants, or Hii regions in the line of sight. Such an effect is more prominent for nearby sources, since the distribution of free electrons and interstellar gas is highly anisotropic around the Local Bubble (see Taylor & Cordes 1993; Lallement et al. 2003) . In particular, there is significant DM contribution from the Gum Nebula (Taylor & Cordes 1993) , resulting in a wide range of DMs for pulsars within ∼300 pc (e.g., the Vela pulsar and PSR J0737−3039; see Figure 3 ). Plane, more sources are needed for a quantitative comparison with the detailed Galactic structure. Beyond our Galaxy, we note that while PSR B0540−69 in the LMC was not used in the fit, its DM-to-N H ratio lies close to the best-fit line in Figure 1 . This is somewhat surprising because of the different interstellar abundances in the LMC than in our Galaxy (Russell & Dopita 1992) . We argue that this could merely be a coincidence rather than the general case. Indeed, the LMC contributes 90% of the N H toward PSR B0540−69 ) but only two thirds of the DM (Manchester et al. 2006 ).
The DM-N H correlation can be used to estimate one quantity from the other, offering a useful tool for pulsar observations. For instance, radio pulsations have been claimed from the magnetar 4U 0142+61 with a DM of 27 ± 5 pc cm −3 (Malofeev et al. 2010) . Given its N H value of 9.6 ± 0.2 × 10 21 cm −2 (Göhler et al. 2005) , the claimed DM seems somewhat small when compared to other sources of similar N H in Figure 1 . For X-ray observations, there are many cases requiring a priori knowledge of N H , including flux estimates when planning for new observations, measuring the intrinsic spectra of faint sources, and deriving luminosity limits for non-detection. In many previous studies, N H is inferred from the DM by assuming one free electron per ten neutral hydrogen atoms (e.g. Camilo et al. 2012) . Our result directly confirms that this is a reasonable approximation, but as a caveat, the scatter in N H is typically a factor of a few up to an order of magnitude.
In addition to DM, the total Galactic Hi column density from 21-cm radio surveys (e.g., Kalberla et al. 2005 ) and A V have also been used as proxies for the X-ray absorption (e.g., Olausen et al. 2013) . These N H estimates are plotted in Figure 4 . It is clear that some X-ray-inferred N H values exceed the total Hi column density of the Galaxy. As shown in the Figure, the latter saturates at ∼ 10 22 cm −2 , resulting in gross underestimates for high-DM ( 100 pc cm −3 ) or distant ( 3 kpc) pulsars. It has been reported that at high Galactic column densities 10 21 cm −2 , which occur at low Galactic latitudes, the X-ray absorption columns are generally larger than the Hi columns by a factor of 1.5-3 (Arabadjis & Bregman 1999; Baumgartner & Mushotzky 2006) . This agrees with our result and indicates significant X-ray absorption due to molecular clouds rather than neutral hydrogen atoms, hence, the Hi column may not be a good tracer for the X-ray absorption.
A V , on the other hand, is caused by grains of the same heavy elements that give rise to X-ray absorption, therefore, it highly correlates with N H (e.g., Predehl & Schmitt 1995; Güver &Özel 2009) . Given a pulsar's position and distance, A V can be estimated from the 3D extinction maps of the Galaxy (e.g., Drimmel et al. 2003) , and then N H can be deduced from the empirical relation N H ( cm −2 )=2.21 × 10 21 A V (mag) (Güver &Özel 2009) . As shown in Figure 4 , this method seems to give the best agreement between measured and predicted values, especially for the highest-N H pulsars. It is worth noting that in some cases
DMs were used to infer the pulsar distances, which then give A V and N H . This generally provides better results than directly employing the DM-N H correlation. We believe that this is because the A V map reflects the distribution of heavy elements in the Galaxy, whereas this crucial information cannot be obtained from DM.
CONCLUSION AND OUTLOOK
We have compiled a list of 68 pulsar N H measurements reported in the literature −3 %. This confirms the ratio of one free electron to ten neutral hydrogen atoms commonly used in previous studies. Our finding provides a useful tool to estimate N H from DM. We compare to other N H estimates based on the neutral hydrogen column density and A V , and find that the latter gives the best results, while Hi and our empirical DM-N H relation tend to give underestimates in the high-N H regime.
The next generation of X-ray missions, including eROSITA (Predehl et al. 2010) and the proposed Neutron Star Interior Composition Explorer (NICER; Gendreau et al. 2012) , will significantly expand the pulsar N H sample. In addition, the foreseen Square Kilometer Array (SKA) can provide parallax measurements of a few thousand radio pulsars (Smits et al. 2011) . Together these will allow a detailed study of the DM-N H relation in different parts of the Galaxy and its connection with the Galactic structure. In addition to pulsars, it should be possible to compile a database of N H measurements for other Galactic X-ray sources, such as stars, supernova remnants, cataclysmic variables, stellar clusters, white dwarfs, and X-ray binaries, and compare with their distances to build a 3D N H map of our Galaxy.
We thank Oleg Kargaltsev and Slavko Bogdanov for suggesting a list of X-ray-emitting radio pulsars, and Anne Archibald, Antoine Bouchard, and Ryan Lynch for discussion. We a Distance estimates are either parallax or Hi absorption measurements adopted from Verbiest et al. (2012) and Deller et al. (2012) or from the DM using the NE2001 model (Cordes & Lazio 2002) . They are denoted by the letters p, h, and d, respectively. We did not attempt to quantify the uncertainties in the DM distances. The designation "o" indicates distance estimates based on other arguments; see the references for details.
b Vertical distance from the Galactic Plane calculated using the source distance and Galactic latitude b.
c Spectral models used to obtain N H : blackbody (BB), power law (PL), and neutron star atmosphere (NSA) . N H values determined from the associated SNRs or PWNe are noted. The SNR spectra were fitted with RaymondSmith (RS) and non-equilibrium ionization (VNEI) models.
d Schöck et al. (2010) reported N H = 1.15 × 10 21 cm −2 , but mentioned that it is consistent with the previous result from Gaensler et al. (2002) , which gave N H = 9.5 × 10 21 cm −2 . Therefore, the former is assumed to be a typographical error and we adopt the value 1.15 × 10 22 cm −2 .
Note. -Uncertainties and upper limits on N H are all scaled to the 90% confidence level, i.e. 1.6σ. Figures 1 and 2 , respectively. The red crosses indicate the total line-of-sight Galactic Hi column densities for each pulsar, given by 21 cm radio observations (Kalberla et al. 2005) . The blue triangles show estimates based on A V (see text). In (c), the open circles represent predictions from our best-fit DM-N H relation.
